Introduction {#sec1}
============

Hydroxyapatite (HAP) has a chemical composition similar to bones and teeth.^[@ref1],[@ref2]^ Methods to prepare it include reacting calcium nitrate with phosphoric acid,^[@ref3]^ disodium creatine phosphate,^[@ref4]^ ammonium hydrogen phosphate,^[@ref5]^ and phosphorus pentoxide,^[@ref6]^ as well as combining calcium hydroxide with phosphoric acid.^[@ref7]^ Temperature and pH may be adjusted to control physical properties, including mechanical strength, particle size, and pore size.^[@ref8]−[@ref11]^ During synthesis and drying, the calcium phosphate goes through intermediate amorphous stages until the thermodynamically stable phase is formed with a Ca/P ratio of 1.67.^[@ref12]−[@ref14]^ The Ca/P ratio can vary between 1.5--1.67 and is affected by reaction time and reactant concentration.^[@ref15]−[@ref17]^ Drying temperature and duration influence the final structure and degree of crystallinity. Methods for drying HAP include autoclaving,^[@ref18]^ freeze-drying,^[@ref19]^ and thermal treatment.^[@ref20],[@ref21]^

The increasing effect of water pollution on disease has created a need to remove toxic metal ions, including copper, chromium, lead, mercury, and arsenic.^[@ref22]^ HAP has been modified to produce hybrids,^[@ref23]^ microtubes,^[@ref24]^ and ordered arrays^[@ref25]^ and may have an important role in environmental remediation due to its ability to sequester metal ions.^[@ref26],[@ref27]^ It is less expensive than ion exchange resins and can be valorized by combining with cement to build infrastructure after sorbing the ions.^[@ref28],[@ref29]^ It is stable at neutral pH and can be applied to groundwater treatment.^[@ref30]^ HAP can sorb these ions by ion exchange,^[@ref31]−[@ref33]^ surface complexation,^[@ref34],[@ref35]^ and dissolution/precipitation.^[@ref36]^ It has been immobilized in organic polymers to increase their sorption capacities.^[@ref37]^ The affinity for Pb^2+^ increased when increasing amounts of HAP were incorporated into a polyacrylamide hydrogel^[@ref38]^ and when coated onto polyurethane foam.^[@ref39]^

This report focuses on HAP and its modification with 1-hydroxyethane-1,1-diphosphonic acid (HEDP) in order to enhance its affinity for metal ions from aqueous solutions. HAP is prepared from Ca(OH)~2~ rather than calcium nitrate and H~3~PO~4~ thus obviating the need to wash the product free of nitrate ions.^[@ref40]^ HEDP is one of a group of bisphosphonates that adsorb onto HAP at near-ambient temperatures^[@ref41]−[@ref43]^ and has a good affinity for metal ions.^[@ref44],[@ref45]^ To identify the conditions that give the most HEDP incorporation (rather than only surface modification), calcined HAP was suspended in 0.01--0.50 M HEDP at moderate (20 °C) and high (80 °C) temperatures for short (4 h), long (168 h), and very long (720 h) times. Since Ca(OH)~2~ is produced from lime, an inexpensive starting material, determining how HAP can be modified to have significant selectivity for transition metal ions will provide a low-cost alternative to polystyrene-based ion exchange resins.

Experimental Section {#sec2}
====================

Synthesis of HAP {#sec2.1}
----------------

HAP was synthesized from calcium hydroxide and phosphoric acid at an initial Ca:P molar ratio of 1.78.^[@ref46]^ In a typical experiment, 3.86 g of Ca(OH)~2~ was combined with 140 mL of H~2~O and 2 mL of H~3~PO~4~, then stirred for 48 h while maintaining a pH of 8.0--8.2 with dilute H~3~PO~4~ or KOH solutions. The particles obtained by precipitation were isolated by filtration, dried at ambient conditions and then in a vacuum oven at 60 °C, and calcined at 700 °C for 3 h to obtain HAP with a Ca/P molar ratio of 1.52. This differs from the structure with the stoichiometric value of 1.67 in having a greater quantity of free phosphorus acid sites. As noted below, the significance of this difference was studied.

Synthesis of mHAP {#sec3}
=================

Calcined HAP was modified by suspending it in 0.01--0.50 M HEDP with pH adjusted to 7.6 to prevent dissolution of the HAP. In a typical experiment, 2.0 g of HAP was added to 100 mL of an HEDP solution, and the reaction was stirred at 20° or 80 °C for 4, 168, or 720 h. The conditions for the different mHAPs are given in Table [1](#tbl1){ref-type="other"}. The final suspensions were filtered, washed with deionized water, and dried at ambient temperature for 48 h.

###### Conditions for the Synthesis of mHAP

             HEDP concn (mol·L^--1^)   reaction temp (°C)   reaction time (h)
  ---------- ------------------------- -------------------- -------------------
  mHAP1      0.01                      80                   168
  mHAP2      0.05                      80                   168
  mHAP3      0.10                      80                   168
  mHAP4      0.20                      80                   168
  mHAP5A     0.50                      80                   168
  mHAP5B     0.50                      80                   4
  mHAP5C     0.50                      80                   720
  mHAP6A     0.50                      20                   168
  mHAP6B     0.50                      20                   4
  mHAP6C     0.50                      20                   720
  sHAP1      0                                               
  sHAP2      0.50                      80                   168
  cHAP       0                         80                   168
  Ca--HEDP   0.50                      80                   168

Control experiments of HAP in water at the same modification times and temperatures were done. Results for the sample prepared at 168 h and 80 °C (cHAP) are reported. Stoichiometric HAP (sHAP1) with a Ca/P ratio of 1.67 was purchased from Sigma-Aldrich and modified with HEDP for 168 h at 80 °C (sHAP2) in order to determine whether the ratio had an effect on the modification.

Synthesis of Ca--HEDP {#sec3.1}
---------------------

The calcium salt of HEDP was prepared by adding 1.47 g of Ca(OH)~2~ to 100 mL of 0.50 M HEDP, then stirring for 168 h at 80 °C.

Characterization: Instrumental analysis {#sec3.2}
---------------------------------------

Fourier transform infrared (FT-IR) spectra were taken on a PerkinElmer Spectrum 65 spectrometer. The PANalytical X'Pert Pro X-ray powder diffraction system was used to obtain X-ray diffraction (XRD) patterns. Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDS) were obtained from a Zeiss Supra 55 VP field emission SEM at City College. Specific surface area (SSA) measurements were made using a Micromeritics Tristar 3000 surface area and porosity analyzer. Inductively coupled plasma-optical emission spectrometry (ICP-OES) analyses were carried out on acid digested HAP and mHAP samples as well as on metal ion solutions on a PerkinElmer Optima 7000 DV ICP-OES.The thermogravimetric analysis (TGA) was carried out on a TA Instruments SDTQ600 analyzer. Twenty mg of each solid was used for each analysis. Heat flow and weight changes associated with transitions and reaction-involved materials over the ambient-to-1000 °C temperature range (heating rate of 5 °C/min) under air atmosphere (100 mL/min) were measured simultaneously.

^31^P NMR measurements were carried out with a Bruker ADVANCE 400 apparatus. The experimental conditions were 10 kHz and room temperature (20--25 °C).

Effect of pH {#sec3.3}
------------

HAP and mHAP (0.25 g) were stirred in 50 mL of 0.10 M NaOH also containing 2.5 g of NaCl for 17 h to determine their acid capacities. The mixture was filtered, and the filtrate was titrated with 0.10 M HCl to calculate the level of HEDP incorporation.

The effect of pH on stability and solubility was determined by measuring the concentration of calcium released into solution by contacting 20 mL of 0.10 M KNO~3~ with 0.10 g of HAP or mHAP5A for 1 or 24 h at pH values adjusted between 2 and 8 with KOH or HNO~3~.

Elemental Analysis {#sec3.4}
------------------

Samples were digested in acid in order to determine their organic and inorganic phosphorus capacities.^[@ref47]^ The organic phosphorus capacity was measured by dissolving 20 mg of HAP or mHAP in 10 mL of hot concentrated sulfuric acid in the presence of copper sulfate and potassium persulfate. For inorganic phosphate measurements, 0.10 M HCl was the sole reagent. Digested samples were neutralized, combined with a vanadate-molybdate reagent to produce a yellow complex and analyzed with a Spec 21 instrument. The vanadate--molybdate reagent was prepared by combining 2.50 g of ammonium heptamolybdate tetrahydrate in 30 mL of water to 0.128 g of ammonium metavanadate in 30 mL of water also containing 3.3 mL of concentrated HCl in a 100 mL volumetric flask, which was then diluted to the mark with water.^[@ref48]^ The percent phosphorus contributed by HEDP was calculated using eq [1](#eq1){ref-type="disp-formula"}.where P~T~ is the total phosphorus capacity and P~inorg~ is the inorganic phosphorus capacity.

EDS determined the amounts of calcium and phosphorus to calculate Ca/P ratios. These values were compared to those from ICP measurements of acid-digested samples.

Metal Ion Sorption {#sec3.5}
------------------

Binding affinities were measured for HAP and mHAP: 0.10 g were shaken with separate 10^--4^ N nitrate solutions of Cu^2+^, Ni^2+^, Zn^2+^, Cd^2+^, and Pb^2+^ for 5 h. To determine their selectivity in the presence of competing nontoxic ions, the solutions were also prepared containing 1 N Ca(NO~3~)~2~. HAP and mHAP were contacted at ambient temperature (20 ± 2 °C) for 5 h followed by centrifugation and microsyringe filtration (0.45 μm pore). HAP-free metal ion solutions were analyzed as controls.

Results {#sec4}
=======

The modified HAPs were characterized by a diverse set of instrumental analyses.

FT-IR {#sec4.1}
-----

HAP was initially modified with 0.01, 0.05, 0.10, 0.20, and 0.50 M HEDP for 168 h at 80 °C (mHAP1--5A, Table [1](#tbl1){ref-type="other"}). As the concentration of HEDP increased, there was a gradual split in the phosphate band between 1082 and 1144 cm^--1^ as well as a new band at 993 cm^--\`1^. The intensity of the bands at 943, 879, and 825 cm^--1^ also increased with increasing HEDP concentration and the free −OH band (3572 cm^--1^) disappeared while a new band for intermolecular H-bonds appeared at 3204 cm^--1^ (Figure [1](#fig1){ref-type="fig"}). Modification was most pronounced with 0.50 M HEDP (mHAP5A), and this concentration was used for all subsequent modifications.

Low temperature (20 °C) and high temperature (80 °C) conditions were combined with reaction times of 4, 168, and 720 h to generate six different mHAPs (mHAP5A--C and mHAP6A--C, Table [1](#tbl1){ref-type="other"}). HAPs modified at 80 °C or long reaction times (168 and 720 h) showed the phosphate band split (Figure [2](#fig2){ref-type="fig"} and [Supporting Information](#notes-1){ref-type="notes"}, Figure S1). mHAP6B (4 h/20 °C) showed no band split and had a spectrum very similar to HAP itself (Figure [1](#fig1){ref-type="fig"}) as did cHAP ([Supporting Information](#notes-1){ref-type="notes"}, Figure S2). When sHAP1 was modified with HEDP for 168 h at 80 °C, the new sHAP2 had a spectrum similar to mHAP5A but with a slightly broader phosphate band at 1083 cm^--1^ ([Figure S2](#notes-1){ref-type="notes"}).

![FT-IR spectra of HAP, and HAP modified at 80 °C for 168 h using 0.01 M (mHAP1), 0.05 M (mHAP2), 0.10 M (mHAP3), 0.20 M (mHAP4), and 0.50 M (mHAP5A) HEDP.](ie-2014-04181z_0001){#fig1}

![FT-IR spectra of HAP modified with 0.50 M HEDP at 80 °C for 168 h (mHAP5A), 4 h (mHAP5B), and 720 h (mHAP5C).](ie-2014-04181z_0002){#fig2}

XRD {#sec4.2}
---

HAP modified at 80 °C showed a new diffraction pattern when compared to unmodified HAP (Figure [3](#fig3){ref-type="fig"}): reaction times of 168 h (mHAP5A) and 720 h (mHAP5C) produced sharper peaks indicating more crystallinity with no significant difference between them. At low temperature, new diffraction patterns were seen only in mHAP6A (168 h) and mHAP6C (720 h) ([Supporting Information](#notes-1){ref-type="notes"}, Figure S3). The XRD pattern of mHAP6B (4 h) was the same as HAP. mHAP6A and mHAP6C had XRD patterns similar to mHAP5B (Figure [3](#fig3){ref-type="fig"}) indicating that crystallinity was favored at high temperature and long reaction time. There was no difference when comparing the XRD patterns of mHAPs from that of the two long reaction times at high and low temperatures. The diffraction pattern of mHAP5A was similar to that of mHAP5C (Figure [3](#fig3){ref-type="fig"}) and mHAP6A resembled mHAP6C ([Supporting Information](#notes-1){ref-type="notes"}, Figure S3). Given that, subsequent analyses at the long reaction time were limited to the mHAP5A and mHAP6A conditions.

The XRD of cHAP revealed that in the absence of HEDP, no modification of the HAP crystal occurred even when the HAP was exposed to high temperature (80 °C) and long reaction time (168 h) (Figure [4](#fig4){ref-type="fig"}). sHAP1 had a diffraction pattern similar to HAP and cHAP but was more crystalline. This crystallinity did not affect the modification since the XRD pattern of sHAP2 had peaks identical to those for mHAP5A. The only difference was in the extent of crystallinity. Results show the same modification can occur at 168 h/80 °C regardless of the initial Ca/P ratio.

SEM {#sec4.3}
---

SEM revealed a microbead structure in the low temperature mHAPs consistent with the SEM of HAP.^[@ref49]^ There was also a trace appearance of a new particle morphology ("strands") within mHAP6A and mHAP6B suggesting a new phase at low levels (Figure [5](#fig5){ref-type="fig"}). The strands were most evident and homogeneously distributed in mHAP5A and mHAP5B, both modified at 80 °C. Modification is confirmed by XRD patterns and FT-IR spectra for all mHAPs except mHAP6B which appeared identical to HAP even though SEM images revealed the new phase within it. All three analyses, however, supported an increasing level of modification at higher temperature and longer reaction time.

![XRD patterns of HAP and HAP modified with 0.50 M HEDP at 80 °C for 168 h (mHAP5A), 4 h (mHAP5B), and 720 h (mHAP5C).](ie-2014-04181z_0003){#fig3}

![XRD of HAP, stoichiometric HAP (sHAP1), HAP contacted in H~2~O for 168 h at 80 °C (cHAP), HAP modified with 0.50 M HEDP for 168 h at 80 °C (mHAP5A), and stoichiometric HAP modified with 0.50 M HEDP for 168 h at 80 °C (sHAP2).](ie-2014-04181z_0004){#fig4}

![SEM of HAP modified with 0.50 M HEDP at 80 °C for 168 h (mHAP5A), 4 h (mHAP5B), and at 20 °C for 168 h (mHAP6A) and 4 h (mHAP6B) as well as HAP itself (bottom left).](ie-2014-04181z_0005){#fig5}

Specific Surface Area {#sec4.4}
---------------------

mHAP5A--B (80 °C reaction) had low SSA compared to HAP and mHAP6A--B (20 °C reaction) ([Supporting Information](#notes-1){ref-type="notes"}, Table S1). The disappearance of microbeads in high temperature mHAPs and the emergence of continuous strands may account for the SSA decrease.

Effect of pH: Acid Capacity {#sec4.5}
---------------------------

The acid capacities of HAP, mHAP, and cHAP are affected by reaction time, temperature, and the presence of HEDP ([Supporting Information](#notes-1){ref-type="notes"}, Table S2): the higher the reaction temperature is (mHAP5A--B), the greater is the acid capacity. Longer reaction times led to higher acid capacities (mHAP5A and mHAP6A) compared to shorter times (mHAP5B and mHAP6B). In the absence of HEDP, the control HAP (cHAP) contacting water for 168 h at 80 °C showed no difference in its acid capacity compared to HAP, which indicates HEDP modification is evident by acid capacity.

Effect of pH: Calcium solubility/stability {#sec4.6}
------------------------------------------

The effect of pH on particle stability was determined by placing HAP and mHAP5A in 0.10 M KNO~3~. Both dissolved and released high levels of calcium (1.6--2.1 mmol/g) at pH 2, (Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}) and lower levels at pH 4 and 6. However, they behaved differently when placed in solutions at pH 8: HAP released a low level of calcium, as expected since it is known to be stable at high pH,^[@ref50]^ but mHAP5A released almost as much Ca^2+^ as it did at pH 2. This is discussed in the subsequent section.

![Calcium release for HAP in KNO~3~ solutions at pH 2, 4, 6, and 8 at 1 and 24 h contact.](ie-2014-04181z_0006){#fig6}

![Ca^2+^ release for mHAP5A in KNO~3~ solutions at pH 2, 4, 6, and 8 at 1 and 24 h contact.](ie-2014-04181z_0007){#fig7}

Phosphorus Analysis {#sec4.7}
-------------------

The percent organic phosphorus in the mHAPs was measured by using 0.10 M HCl to dissolve the inorganic phosphate and concentrated H~2~SO~4~ to dissolve inorganic and organic phosphates.^[@ref47]^ The amount of organic phosphate relative to inorganic phosphate was high at long reaction time (mHAP5A and mHAP6A, Table [2](#tbl2){ref-type="other"}) and lower at short reaction time (mHAP5B and mHAP6B). The same trend was seen at high temperature (mHAP5A--B) and low temperature (mHAP6A--B).

###### Phosphorus Elemental Analysis of HAP and mHAP

  HAP      *P*~T~ (mmol/g)   *P*~inorg~ (mmol/g)   \%*P*~org~[a](#tbl2-fn1){ref-type="table-fn"}
  -------- ----------------- --------------------- -----------------------------------------------
  HAP      5.23              5.21                  0.3
  mHAP5A   5.97              0                     100
  mHAP5B   5.63              2.47                  56.8
  mHAP6A   5.34              0.28                  94.8
  mHAP6B   5.26              4.70                  10.6

\%*P*~org~ = amount of organic P relative to the total P × 100.

The %*P*~org~ calculated in Table [2](#tbl2){ref-type="other"} for each mHAP gives the amount of organic P relative to the total P, not the wt % P per gram mHAP. Table [3](#tbl3){ref-type="other"} shows the wt % of HEDP for mHAP5A, mHAP5B, mHAP6A, and mHAP6B. These calculations are consistent with the FT-IR spectra (Figure [2](#fig2){ref-type="fig"} and [Supporting Information](#notes-1){ref-type="notes"}, Figure S1) which reveal new bands for mHAP5A, mHAP5B, and mHAP6A, but not for mHAP6B which, with 5.7 wt % of HEDP, is at the detection limit for FT-IR.

The elemental analysis suggests that for mHAP5A, mHAP5B, and mHAP6A, the modification is more than a surface phenomenon. This is consistent with the acid capacities for mHAP5A, mHAP5B, and mHAP6A which were also greater than the amount that could be reasonable for only surface modification. mHAP5A, with 100% P~org~, is therefore indicative of HAP modified in the bulk phase and mHAP6B, with 10.6% P~org~, may be only surface modified.

###### Phosphorus wt % in mHAP

           *P*~org~ (mmol/g)   *P*~org~ in mHAP (g/g)   *P*~org~ in mHAP (wt %)   HEDP in mHAP (wt %)
  -------- ------------------- ------------------------ ------------------------- ---------------------
  mHAP5A   5.97                0.185                    18.5                      61.4
  mHAP5B   3.16                0.098                    9.8                       32.6
  mHAP6A   5.06                0.157                    15.7                      52.1
  mHAP6B   0.56                0.017                    1.7                       5.7

^31^P NMR {#sec4.8}
---------

^31^P NMR spectra were obtained for mHAP, mHAP6B, mHAP5B, mHAP6A, and mHAP5A (Figure [8](#fig8){ref-type="fig"}). The peak at 3 ppm arises from the inorganic P in HAP.^[@ref51]^ As reaction time and temperature increase, this peak decreases and a new peak at 19 ppm emerges due to HEDP.^[@ref52]^ The sample modified for 4 h at 20 °C (mHAP6B) has a spectrum that is almost identical to unmodified HAP indicating little HEDP present. mHAP5A, modified for the longest time (168 h) and the highest temperature (80 °C), only has a peak corresponding to HEDP. All other samples have mixed phases. These results are consistent with the elemental analysis.

![^31^P NMR of unmodified HAP, HAP modified with 0.5 M HEDP at 20 °C for 4 h (mHAP6B), 80 °C for 4 h (mHAP5B), 20 °C for 168 h (mHAP6A), and 80 °C for 168 h (mHAP5A).](ie-2014-04181z_0008){#fig8}

Thermogravimetric Analysis {#sec4.9}
--------------------------

HAP and mHAP were heated to 1000 °C at 20 °C/min under air atmosphere in order to determine the weight loss (%) resulting from the incorporated HEDP ([Supporting Information](#notes-1){ref-type="notes"}, Figure S4). The decline in weight occurred between 400 and 700 °C after the loss of water, with the greatest loss evident between 400 and 570 °C. HAP and mHAP6B (4 h/20 °C) had the least weight loss, 5.6% and 5.8%, respectively ([Supporting Information](#notes-1){ref-type="notes"}, Table S3). Weight loss increased to 20.7% at longer reaction times (168 h/20 °C, mHAP6A), but an increase in temperature (4 h/80 °C, mHAP5B) resulted in a loss of only 12.3%. The temperature range and weight loss values are consistent with what has been observed in similar systems; for example, a 10% weight loss has been found for di(2,4,4-trimethylpentyl)phosphinic acid sorbed within clay.^[@ref53]^ A longer reaction time thus allows more HEDP incorporation than a higher temperature. This is consistent with the P-elemental results, wherein mHAP6A had 52.1% HEDP compared to mHAP5B with 32.6%. mHAP5A modified for 168 h/80 °C was expected to show the highest mass loss but it had a mass loss of only 14.8%, which is not consistent with its P-elemental result since it had the most HEDP. This is likely tied to its morphology and requires further study.

Calcium--HEDP {#sec4.10}
-------------

Calcium--HEDP was synthesized by contacting Ca(OH)~2~ with HEDP. FT-IR spectra (Figure [9](#fig9){ref-type="fig"}) revealed that Ca--HEDP was different from mHAP5A and more closely resembled unmodified HAP. Phosphate bands contributed by HEDP appeared at 944 cm^--1^ for Ca--HEDP and mHAP5A, as seen from the FT-IR of HEDP alone (Figure [9](#fig9){ref-type="fig"}).

![FT-IR of HAP, a calcium salt of HEDP (Ca--HEDP), HAP modified with 0.50 M HEDP for 168 h at 80 °C (mHAP5A) and HEDP alone.](ie-2014-04181z_0009){#fig9}

EDS and ICP {#sec4.11}
-----------

EDS showed a decreasing Ca/P ratio with increasing reaction time and temperature. Results by ICP were consistent with EDS measurements. A decreased Ca/P ratio was associated with a higher P content corresponding to HEDP incorporation into the HAP (Table [4](#tbl4){ref-type="other"}).

###### Analysis of Calcium to Phosphorus Ratio

            Ca/P ratio (EDS)   Ca/P ratio (ICP)
  --------- ------------------ ------------------
  HAP-700   1.51               1.52
  mHAP5A    0.50               0.55
  mHAP5B    0.56               0.58
  mHAP6A    0.54               0.59
  mHAP6B    1.45               1.21

Metal Ion Studies {#sec4.12}
-----------------

The metal ion affinities of four mHAPs: mHAP6B (4 h at 20 °C), mHAP5B (4 h at 80 °C), mHAP6A (168 h at 20 °C), and mHAP5A (168 h at 80 °C) were determined by contacting them with lead(II) nitrate solutions. Sorption of Pb^2+^ was highest for mHAP6B, decreased for mHAP5B and mHAP6A, then increased for mHAP5A ([Supporting Information](#notes-1){ref-type="notes"}, Figure S5).

Sorption by mHAP6B and mHAP5A was studied in more detail by contacting them with nitrate solutions of Cu^2+^, Ni^2+^, Zn^2+^, and Cd^2+^ (Figure [10](#fig10){ref-type="fig"}). HAP and mHAP6B removed all metal ions from solution with high efficiency (\>85%) but showed no selectivity. mHAP5A, however, removed high levels of Pb^2+^ (90%) and Cd^2+^ (82%) but \<25% of the other metal ions. (No Cu^2+^ was removed by mHAP5A.) Its selectivity was tested in a solution containing a high level of calcium (1 N), where the presence of calcium simulates a nontoxic, aqueous environment. Sorption for Pb^2+^ was still high (89%) though Cd^2+^ decreased (16%). HAP also showed decreased metal ion sorption in high calcium concentration for Ni^2+^, Zn^2+^, and Cd^2+^ (Figure [11](#fig11){ref-type="fig"}). That HAP retains a high affinity for Pb^2+^ and Cu^2+^ while mHAP5A is selective for Pb^2+^ points to an important difference in their sorption mechanism and this is discussed in the next section.

![Metal ion sorption for HAP, mHAP6B, and mHAP5A in nitrate solutions of Cu(II), Ni(II), Zn(II), Cd(II), and Pb(II).](ie-2014-04181z_0010){#fig10}

![Metal ion sorption for HAP and mHAP5A in nitrate solutions of Cu(II), Ni(II), Zn(II), Cd(II), and Pb(II) with 1 N Ca(NO~3~)~2~.](ie-2014-04181z_0011){#fig11}

Discussion {#sec5}
==========

Reaction Time and Temperature {#sec5.1}
-----------------------------

HAP has been modified by varying HEDP concentration, reaction time, and reaction temperature. New phosphate bands appeared in the FT-IR spectra at 943, 993, 1082, and 1144 cm^--1^ as HEDP concentration increased. This was seen in high temperature modifications for short and long reaction times (Figure [2](#fig2){ref-type="fig"}) and the low temperature modification for the long reaction time ([Supporting Information](#notes-1){ref-type="notes"}, Figure S1). FT-IR spectra of both high temperature reactions were identical. At a low reaction temperature and short reaction time, mHAP6B had no change in its FT-IR spectrum compared to HAP. Comparing Figures [1](#fig1){ref-type="fig"} and [9](#fig9){ref-type="fig"} leads to the conclusion that the bands at 1082 and 1144 cm^--1^ are due to the P--O stretch of HEDP and the band at 943 cm^--1^ is due to the interaction between P--O and Ca^2+^ in the HAP. The new bands at 825, 879, and 993 cm^--1^ are very weak and so can only be assigned to weak interactions between the HAP and HEDP since they are not present in either of the individual pure spectra. However, SEM images revealed the presence of HAP--HEDP strands and so the amount of HEDP incorporated may be too low at 5.7 wt % to be detected by FT-IR. High temperature and long reaction time both have an effect on HEDP incorporation and the combined effect is pronounced. The acid and phosphorus capacities indicate that there is more than surface modification and HEDP is within the HAP crystal.

Instrumental and Elemental Analyses {#sec5.2}
-----------------------------------

^31^P NMR and FT-IR gave consistent results. The spectra of mHAP6B were the same as HAP even though the presence of HEDP was evident by elemental analysis (5.7 wt % P). The disappearance of the free −OH band (3572 cm^--1^) initially present in HAP and the emergence of an intermolecular hydrogen-bond stretch at 3204 cm^--1^ in the other mHAPs suggest that −OH groups in HAP react with HEDP in the modification reaction.

A phosphorus elemental analysis was used to distinguish the organic from inorganic phosphorus in the mHAPs and to quantify the extent of HAP modification with HEDP. The higher is the organic phosphorus capacity, the more HEDP is incorporated into HAP. There was a significant increase in the amount of HEDP measured in mHAP5A (61.4 wt %) prepared at high temperature and long reaction time compared to that in mHAP6B (5.7 wt %) prepared at low temperature and short reaction time (20 °C/4 h). mHAP6A and mHAP5B, prepared at low temperature/long time and high temperature/short time, respectively, give HEDP levels of 52.1% and 32.6%, respectively, with the higher amount appearing at long reaction time. These results complement the instrumental analysis and confirm that high temperature/long reaction time allows the most HEDP to be incorporated into HAP.

New diffraction patterns and sharp XRD peaks indicate an increase in crystallinity of the HAP modified for the long reaction time at high temperature. mHAPs produced by other conditions did not have the same high extent of crystallinity. SEM images of the mHAPs distinguished between HAP microbeads and HEDP-modified strands. EDS analysis showed that the strands had more phosphorus (i.e., a lower Ca/P ratio) than samples containing more microbeads. The microbeads are expected to have a greater surface area than strands and this accords with data which showed a lower SSA for samples with more strands (mHAP5A--B) and a higher SSA for samples with more microbeads (mHAP6A--B).

FT-IR spectra confirmed that mHAP5A was similar to modified stoichiometric HAP (sHAP2) but different from the calcium salt of HEDP produced with Ca(OH)~2~ and HEDP in the absence of phosphoric acid. XRD provides further support. Browning and Fogler prepared Ca--HEDP salts with different Ca/HEDP ratios and studied their XRDs.^[@ref54]^ The Ca--HEDP salt having a 1:1 Ca/HEDP ratio gave four distinct peaks at 7, 12, 16, and 17 degrees. As the ratio of Ca to HEDP increased, the XRDs showed a more amorphous structure. A comparison of Figures [3](#fig3){ref-type="fig"} and [12](#fig12){ref-type="fig"} confirms that mHAP5A is different from Ca--HEDP.

![XRD of calcium--HEDP salts of different Ca/HEDP ratios.^[@ref53]^ Reprinted from ref ([@ref54]). Copyright 1996 American Chemical Society.](ie-2014-04181z_0012){#fig12}

Metal Ion Studies {#sec5.3}
-----------------

Modified HAP behaved differently from HAP during pH equilibration and metal ion sorption studies. At pH 8, mHAP5A released high levels of Ca^2+^ compared to HAP. This can be explained by noting that mHAP5A required the addition of a higher amount of KOH to raise the pH and the resulting high concentration of K^+^ forced ion exchange with Ca^2+^. Although the complexation constant for potassium--HEDP is significantly lower (log *K* = 1.8)^[@ref45]^ than that of calcium--HEDP (log *K* = 6.4),^[@ref45]^ these values derive from measurements with equal concentrations of K^+^ and Ca^2+^. At very high K^+^/Ca^2+^ ratios, the law of mass action favors potassium--HEDP and causes Ca^2+^ to be released into solution.

mHAP5A removed Pb^2+^ and Cd^2+^ from nitrate solutions with high efficiency compared to the sorption of other divalent ions (Pb^2+^ \> Cd^2+^ \> Zn^2+^ \> Ni^2+^ \> Cu^2+^). These results were comparable to those for the commercially available extractant di(2-ethylhexyl)phosphoric acid.^[@ref55]^ Its affinity for Pb^2+^ (90%) and Cd^2+^ (60%) are as high as found for HEDP, while sorption of Ni^2+^ and Cu^2+^ is lowest. There was no selectivity among metal ions for mHAP6B, confirming that the increased levels of HEDP in mHAP5A strongly correlate with its metal ion affinities.

In a background of 1 N Ca^2+^ ions, mHAP5A retained its selectivity for Pb^2+^ while its affinity for Cd^2+^ decreased; HAP also retained its high affinity for Pb^2+^ but had a high affinity for Cu^2+^ as well. This disparity in behavior between mHAP5A and HAP is due to HAP operating via a relatively nonselective electrostatic ion-exchange mechanism while mHAP5A is operating via a mechanism in which there is significant coordination that allows for metal--ligand covalency. Coordination implies a correlation with the polarizabilities of the metal ions and this is the case here. The Misono softness parameter quantifies metal ion polarizabilities^[@ref56]^ and has been used successfully to explain the affinities of polymer-supported phosphate ligands.^[@ref57]^ The ions studied have the values 0.40 (Pb^2+^), 0.30 (Cd^2+^), 0.28 (Cu^2+^), 0.25 (Ni^2+^), and 0.24 (Zn^2+^). The degree to which the softness parameter agrees with the sorption results suggests that complexants operating by coordinating to metal ions will retain that mechanism once bound within HAP. This widens the applicability of the technique described in this report by allowing a match between a given application and the complexant to be bound within HAP. Further studies are in progress.

Conclusion {#sec6}
==========

The aim of this study is to develop a technique whereby HAP can be modified with ion-selective complexants and used in groundwater remediation. This initial report establishes the feasibility of the technique. HEDP can be incorporated into HAP and the metal ion affinities expected from solvent extraction studies are maintained indicating that immobilization within the inorganic matrix does not affect its binding mechanism. Subsequent studies will show how mHAP5A can be fabricated as a membrane used to sorb metal ions that contaminate water, then thermally decomposed after sorption, leaving the toxic metal immobilized within the purely inorganic HAP for subsequent valorization. Furthermore, it is important to note that the polar nature of the complexants permits binding to molecules of importance in wastewater treatment. Such molecules include estrogens and other hormones, endocrine disruptors, polyphenols, dyes and antibiotics. As with metal ions, the polar complexants incorporated into the HAP will permit the selective removal of the targeted compound.

Figure S1, FT-IR spectra HAP modified with 0.50 M HEDP at 20 °C, for 168 h (mHAP6A), 4 h (mHAP6B) and 720 h (mHAP6C); Figure S2, FT-IR of HAP, stoichiometric HAP (sHAP1), HAP contacted in H2O for 168 h at 80 °C (cHAP), HAP modified with 0.50 M HEDP for 168 h at 80 °C (mHAP5A), and stoichiometric HAP modified with 0.50 M HEDP for 168 h at 80 °C (sHAP2); Figure S3, XRD patterns of HAP and HAP modified with 0.50 M HEDP at 20 °C, for 168 h (mHAP6A), 4 h (mHAP6B), and 720 h (mHAP6C); Table S1, specific surface areas for HAP and mHAP; Table S2, acid capacities of HAP and mHAP; Figure S4, thermogravimetric curves for HAP and mHAP heated to 1000 °C at 20 °C/min; Table S3, thermogravimetric analysis for HAP and mHAP; Figure S5, Pb(II) ion sorption for HAP modified with 0.50 M HEDP for 4 h at 20 °C (mHAP6B), 4 h at 80 °C (mHAP5B), 168 h at 20 °C (mHAP6A), and 168 h at 80 °C (mHAP5A). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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